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MEMORANDUM

SubJ: Microwave Radiometric Detection of Atmospheric Internal Waves

BACKGROUND

Atmospheric inversion layers and associated internal waves may
cause ducting conditions and radar holes which adversely affect the
performance of Navy radars and communications. A ground-based passive
method of detecting internal wavea associated with inversion layers
would be useful to the Navy, particularly during times of radio silence.
An experiment was therefore conducted to determine whether internal waves
could be detected with microwave radiometers and localized in altitude.
The ground-based radiometers were located at San Diego where the Naval
Electronics Laboratory Center (NELC) provided "atmospheric-truth" for
comparison to the radiometer data obtained by the Naval Research
Laboratory. NELC provided FM-CW radar, acoustic sounder, lidar, micro-
barograph, radiosonde and surface meteorological data for the comparison.
This report describes measurements conducted over two separate intervals,
7-23 May ad 16-30 June 1975.

FINDIN(;S

For the first time, microwave radiometers have detected internal
waves in the atmospheric boundary layer and have localized their altitude.
Varying the intersection height of a narrow (!") antenna beam with that
of a wide (22') vertically pointing antenna beam allowed determination
of the altitude of the waves. Correlation between the two radiometer
signals was a naximum when the altitude of the waves corresponded to the
height of the beam intersection. Preliminary results showed cases of

correspondence between the signals of the passive radiometers and the
active FM-CJ radar and acoustic sounder systems. Examples included
internal wave trains up to an hour in length.

PFSFARC|I INPLICATIONS

Analysis of the data has led to devisinx a possible method to
measure the thickness of the inversion layer (Ah) and the index of
retraction chaage across the layer (Ah). These quantities, in addition
to layer altitude, would then enable calculation of ray tracing plots
to show rajar ducting and hole conditionm.

KFCONM\TIONS

The analysis of the data should continue to determine further corre-
pondences and differences between the passive (radiometer) and active

(VM-LW radar and acoustic "under) soste. A second experiment is now
in progress to test potential methods of determiutn.'& the inversion layer
thicknass and the index of refractio cdhae (A). which no other
reote saeor c4a do.

iv)



MICROWAVE IRADIOMETRIIC DETECTION OF
ATMO1SPHERIC INTERNAL WAVES

1. INTRODUCTION

Internal waves have become an important phenomenon to atmospheric
physics, meterology, and electromagnetic propagation. Internal wave
motion is now known (Gossard and Itooke, 1975) to be an important factor
in the fluid dynamics and meteorology of the atmospheric boundary layer.
The wave motion transports momentum and affects atmospheric circulation.
One type of shear induced wave motion (Kelvin-itelmholtz) can become
unstable, break down, and generate turbulence. Conversely, turbulence,
as well as other sudden disturbances, can initiate internal waves on
density interfaces within the atmosphere.

Interaction of electromagnetic (EM) waves with the internal waves can
be a problem or not, depending upon the application. M- waves ema-
nating from a transmitter at low elevation angles can encounter a
convergence, or steepening, of the index of refraction gradient in the
inversion .ayer caused by waves on the layer; the result can be a so-
called radio "hole", or loss of signal (Vickers and Lopez, 1975).
Useful interaction has been obtained in the last ieverai years with
ground-based, upward-looking, active radar (Richter, 1969) or acoustic
(McAllister, 1968) remote sensors; the EM (or acoustic) radiation emitted
is back scattered from small scale turbulence (of a scale one-half the
sensor wavelength).

In this report, we describe the first known detection of atmospheric
internal waves by upward-looking, passive microwave radiometers.
A 2?-Gllz radiometer operates on a different principle from
the active sensors in that it detects radiation from the vertical
distribution of water vapor (primarily); the change in this distribution
by the internal wave causes corresponding changes in the radiometer
output. The radionetric remote sensor is thus independent of other
sensors in that it measures different parameters of the atmosphere and
does not require wind shear (to produce turbulence) for detectability
of internal waves. The internal waves were detected and localized in
altitude during an experiwm.nt which was conducted by URL at
the Naval Flectronics Laboratory Center (NELC) in the spring of 1975.
A semi-permanent low level inversion over southern California separates
cool, moisot surface air from warm, dry air aloft. This situation is
ideal for the propagation of internal 4.,-, a subject of numerous
investigations by NELW with FM-V raaci'.i t •o4.ard, et 4l., 1970, 1971).

For the experiment, NELW provided "atmospherie truth" in the
form of Fli-EW radar, acoustic sounder, lidar, radiosondes, microbaro-
graph, and surface meteorological data. Measurements were conducted
over two separate intervals, 7-23 May and 16-W0 June 197S.

Section 2 describes the atmospheric model and the results of
theoretical calculations of the radiometer signal expected from internal
waves. SectUio I describe* the equipment used in the experiment by both
NRL and NELC and Section 4 discusses the experimental setup and proced-
ures. Some prelininary results from both May and June are discussed in
Section S and soe conclustons are presented in Section 6.



2. ATMOSPIIERIC OI)ELING

The detection of internal waves with microwave radiometers depends
upon temporal variations of water vapor or temperature. These variations
can either be changes in magnitude at a specific altitude, or changes
in the distribution with height. Prior to the experiment, the sensitiv-

ity of a microwave radiometer to variations in the mdgnitude and distrl
bution of temperature and water vapor in its field of view was calculated
on a digital computer. This sensitivity was determined as a function of
raliometer frequency, height of the changes, and moisture content of the
atmosphere. This section describes the computer model of the atmosphere,
the results which were obtained, and a brief investigation of possible
changes in brightness temperature caused by the sky background.

2.1 Computer Program

The computer program used in this study is an expansion of a
14-layer model originally developed by Kreiss (1968). The expanded
program divides the atmosphere into 202 layers, each five millibars (mb)
in thickness. This small layer thickness (equivalent to - 40 meters
near the earth's surface) provides relatively fine resolution of temper-
ature and water vapor features. Using standard temperature and water
vapor profiles, the program calculates the transmission and resultant
emission for each layer using the equations for water vapor and oxygen
absorption. Then, the contribution of each layer is appropriately
summed to determine the total atmospheric brightness temperature. These
computations can be made for any choice of frequency between I and
100 Gllz. To determine the change in brightr-ss temperature due to
either small changes in water vapor or temperature, both the 22.2 Gliz
water vapor line and the oxygen line near 60 Cltz were investigated.
In addition, the standard atmospheric temperature and water vapor
profiles were modified to reflect the special conditions under which
internal waves propagate in the lower atmosphere. These conditions mad
the atmospheric model are discussetd In the followirg se:tion.

2.2 Atmospheric Model

Earlier work by Gossard (19S4). Atlas t alt, (1970a)and Richter
(1969), has shon that internal wave activity is associated with stable
layers (inversions) and with aharp gradients of refractive index.
Since the largest changes in refractive index are those due to humidity
changes, internal vaveo will likely occur at the tradnition region
beotwen a Coot, Moiat sourface layer with a warw, dry layer above. These
condition* are incorporated in a witole two-layvr moue -f the atmigphdre
which c!oaely rý,omblios tthei actuala conditions obsor'ved at San Mewo.
•Th molat layer L-f tho wodel ext4ýridr from the surfa4!e to approximatioly
0.5 ka. aeparAted fromta he dry layer above by 4 trannition rýetiou 40
to I00 twtera thick. Vit~hta the traftsitiou reglou tire toaperaturi

increaseoj ad the mttiture decreases with elevation, resulting in a
sharp gradient of refractivo index. It is assumed that the teraal



waves propagate within or at the boundaries of this transition region,
causing both the height and the thickness of the layer to change.
These changes will affect the distribution of temperature and water
vapor at the lower boundary of the transition region. Results from
both types of changes are presented below.

2.3 Results

Preliminary calculations had two primary objectives. The first
was to calculate the sensitivity of brightness temperature to water
vapor and temperature changes at various observing frequencies. The
second was to determine what changes in the profiles of the model would
cause changes in brightness temperature of sufficient magnitude to be
detectable by a radiometer.

Calculations were made for altitudes of the transition layer
of 0.5, 1.0 and 2.0 km and for both standard and humid moisture pro-
files. A summary of the results is presented below.

A. In the frequency range from 15 rv 60 GHz, a microwave radiometer
is more sensitive, by an order of magnitude, to fluctuations in
water vapor than to fluctuations in temperature. The greatest
sensitivity occurs at the 22.235-Gliz water vapor line.

B. A change of O.l*K in brightness temperature will
occur for:

(1) a 25% change in water vapor at 0.5 kmn,
(2) a 20-mwter change in the depth of the moist

layer, and
(3) a 40-meter change in the thickness of the transition

layer, keeping the depth of the moist layer constant.

C. The magmitude of the above changes in brightness tempera-
ture will:

(1) decrease with increasing altitude of ttw transition
layer, and

(2) increase •ith increaaing moisture content of the
lower atmosphere.

This inittal nodeling auggested therefore that reasonable changes
in either the diwtrtbution of Water vapor or the atunt at a wpeclfit
height would cause imall but measurable ehanges tn the microwave
brghtenss temperature. These changes, although &All, wold be
largeat at the water vapor liL at 22.2 ' .

:•, ..... \ -.•- ,, .. ,•- s at .• • :--z .:•s-r !". 4.. -



2.4 Background Fluctuations

The relatively small magnitude of the changes in brightness
temperature generated by internal waves raises the question of the
importance of atmospheric "background noise". The magnitude of this
noise, generated by the advection of varying amounts of water varr
through the antenna beam by the wind, depends orn atmospheric humidity,i size of the air parcels, antenna beamwidth, observing frequency, and
-adiometer time constant.

To provide an estimate of the noise level, calculations were
carried out using the computer program and model described in
Section 2.2. The noise sources are assumed to be air parcels whose
water vapor content varies by + 10% frozm the environment. These rarcels,
ranging in diameter from 10 to 100 meters, pass through the antenna beam
at altitudes up to 0.5 kin with velocities corresponding to a wind speed
of 3 m see t . The change in brightness temperature, AT, caused by
these parcels Is proportional to the area of the antenna beam filled by
the parcel times the temperature difference between the parcel and its
environment, or equivalently

AT Alo

where ATe is the brightness temperature difference between the parcel
and the environment, and Dp and Db are the diamcz:rs of the trcel e.nd
beam respectively. This value for AT will be reduced when ., parcel
is in the antenna beam for a time less than the integratte .me of the
radiometer. For a 3' beamwidth(bw) antenna, changes in brigsicness tempera-
ture as large as those from internal waves can be expected from parcels
100 meters in diameter having humidities + 10% different from the local
mean. The separation of internal waves from background fluctuations
will depend on a cross-correlatic analysis of the brightness tcmpera-
ture recordiwss from the two radiometers or on the *equence of the wave
pat ter".

3. INSTRU?*NTATION

3.1 �icrowave Radiometers

The ticrowave radonwters we•re i•dentieal in design to insure
uniform performance and to allow accurate comparticma between them.
Figure 1 is a dlock diagraa of a radtomwtr, ad thw peetftestoas are
listed to Table 1.

4,4
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TABLE I

System Specifications for Dicke Type,
Double Bandwidth Radiocieter

Receiver Center frequency 22.2 G(lz

iF Bandwidth 504) hiz

Noise Figure 5 dB

Post Detection Time Coustants 0.15, 1.5, 15 Sec

Sensitivity (HMS) 0.28, 0.09, 0.03%

Antennas 3.3? and 226 beamwidths

To provide tar :tablp measurements over long time periods, the Dicke
design was used, switching between the antenna and a reference load
immersea .n liquid nitroixen. This provides a known and stable reference
temperature (T 771K) close t to the expected sky temperature. A " 7ero"
level was established by having a load Identical to the reference load
also immersed In the liquid nitrogen. Calibration was perforied by
injecting a known sign4l From a solid-state notse source into the
systom. This calibration could be made either manually or automnatically
with a timing devtce. The latter allowed automatic nighttime calibra-
tioas wheni the equipment was left unattended, The output of the ivnchro-
aottn detector was fed to the recorder through a low pass fitter with
Adjustable tieu, cont-tants. two of which, initially. could he recorded
simulteneously on the same chart recorder. This Waa later c'haaged so
that the outptrs of the two separated radtoc•,era could be rvcorvjd
simuttauoo,•sly oe the tame recorder.

The antett,4 s2zes Were Chogen to ptovide Spatial resoluttio of
the shortest itternal wAves expected atnd to allow localbtatton of the
waves in height. For the shortest waves (N i I kWt) and an altitude of
O. kmSW. the 22, beam sam ped4 approxtmately ls of the e1ttKth of rte
wave. The I' brAta. oud for hotlht localiaatioa, provided a vertical
resolution of 45 Motrs at Che ta, ait" elevation anWl of 450. To Mini-
Mare the oft{ ace of shetw•aea ontacde the k.mth btwm. the tsidobes of
both gaetae r do~m tretio t 1 dik

* At attitudJe it thii ropovt a4r ab4Wo4 moaft "a levl ()W"



The platfonm of r'e 3 Ittlam radiometer was designed to provide
maxtmum flexibility. -ine radiometer was mounted on a vwertical wheal p o
tIat th.! altena cmally viewed at an elevation angle of 45Y •hen the
'&iquid nt_1t--!n .ivwar was vee.,-al. The wheel could then be rotated
+ 25' from tr'is 45" anglz, gzivi., viuwhig angles from 20" to 70'. These
sangl.:a intersected the verltckl view,'ng beam at heights from 183 to
1l60 met2 ti', coverilng thb, e• i'.c'' altitude range of the InternmO waves.
The vertiical wheel was, in turn, mI'.wA,•, on a horizontal wheel which
could be rotated 360' in azimuth, '-.rmitting the radiometer to view at
all azimuth angles.

3.2 NELC Equipment

The equipment available at NIFLC provides a uniqu. facility for
remote sensing of the lower atm!osphere. It consists of fixed and mobile
MF-CW radars, an acoustic sounder array, lidar, microbarograph, balloon
sounding capability, and routine surface meterological data at two
sites. The equipment is automated (except balloon sotndings) so that
observations can be ma.de cont inuously sevmi days a w,-ek, 24 hours a
day. This is essential for studying internal waves since their occur-
rence is not yet predictable. All of the remote sensors have detected

* wave activity in the lower atmosphere, although the IN-CW radar is the
most sensitive aad provides detailed structure with a resolution of one
meter. For this reason, and because it is sensitive to moisture

* fluctuations, the FM-CW radar was the primary sensor compared with the
microwave radiometers. The equipment has been described elsewhere in
numerous articles, Richter (1969) and McAllister (1968) and will not he
repeated here. As a quick review, Table It lists some of the equipment
parameters and their sensitivity to atmospheric variables.

TABLE It

NLC Equipment Para=eters

1. M,-CW radar (I CtH. 2.6' bk±amwidth. rtioluution I meter,
hicn-6euAitivity, detecti Moiture filuetuatious at ocal€ sizo of 5 M).

A. cou~tic aouador (7' batwd~th. deetst tcmpratu.e flueutioiis
At o eakl sto ai 8 ema).

~. $ar(~tsitveto 4trosol ditriutiou).J4. M o rgh (oitors Murfaeo prggut, rnsittvity O.(1 mb.

of gr'vtty v4vca).

S. surfaceemerlgel quet (toap4eratrv~. pvoosuro, dutivej tit~ml iky isibtlity. Vind ceptd agd dtrocttod).

bAluva Catimdinaw (to TturdleAnd d"w point irmsurfaco up
to wi~0mtoor*).



4. EXPERIMENTAIL PlAN

4.1 Site Location

The experimental site was located at NEWLC on the western side
of the Point loaa Peninsula. To use triangulation for height deter-
rdinatton of the waves, the radioefters were separated tue distance
between the bottom and top of the ridge (see Fig. 2). The vertically
point:ing radiometer was placed near the ridge top (105 meter& altit. ;2)
close to the F-tW radar -o as to observe a common volumr! of air. r-
Qcanning V bw radiomettr was placed on the roof of a building
(40 meters alt £ rude) at the bottomn of the ridge itear the ocean. Ilh'
provided an unobstructed view in al! directions for the scanniL; .
meter and gave a separation between radiometers of 427 meters. ,'ianging
the elevarlon ingle of the I' beam from 20' to 70° varied th,, itter-
section of the two he,•n from jitst the top of the rtd.ge up i. 1160 Mreters
(see Fig. 3). This covered the expected height range of the inversion
layer aud the associated internal waves.

4.2 Procedure

Both radiom:ters took data continuously except during calibra-
tions or refilling of 0.; liquid nitrogen dewars. During normal working
hours, calibrations were done manually soon after arrival tn the mornintg
ant again shortly before leaving at night. At night, an automatic
timing device initiated calibrations on a preset schedule, originally
isct for once per huwjr, but later changed to once every 12 hours.

The small changes in brightness temperature causedl by intern4al
wavvs requited high gain settings- on the recorders to obtain the
desired seasitivity. However. when large changes ti sky brightness
temperature were occurring (i.e. clouds formiag or dissipating), the
pen4, if not readjusted, would be driven off scale. For daytime opera-
tions, only occasional moiutortng of the three *trip-chart recorderA
was requived to keep rhe pens oa scale. For nighttime operations. the
ain. of the recorders would be decreased so as to prevent thv completo

loNs of data. The required jain getting varied from night to ntght,
depening on Moteorological conditios. It was discovered that dw
would forr ot the antenna lensea tf Clear s-kies occurred for severat
hours after aunset. Thia cauae0 a larged (T l O1 V) atinal tinreoat
Oovr 4 peoriod of several hors, usually Jrivipg thW recorders off sctale.

The primarv uese of the narrow (W) beamt rAdioaater Vag to
loealiew Wave 4ctivity If height, The itveoriola height would be fo4n
from either 4a NRI.C balloon soun4uag or from the radiosonde at .ont-
gofery Field (.YF) (1? km away). The correlatiou of the outputs of the
two radiometerst wag eXamneod when the two b~easi.nterece below, at.
and above htis i"nverioa height. the heitht of baximum eorrladoA
was then aseu!cd to be t•hei O tgb of ateO souere of isrearal wavso

CoI vti .)



A brief attempt was made to investigate air parcels at the
inversion height, primarily their continuity in time and their speed.
The narrow beam radiometer was pointed at a specific azimuth and eleva-
tion angle so that the narrow beam intersected the inversion base a
certain distance upwind of the vertically pointing beam, The time
delay between occurrences at the two raditometers depended on the
separation between the antenna beams at the inversion height and the
wind speed at this height. By changing the azimuth and eleva ion angle,

various time delays between the two radiometers could be introduced,
In this way, the continuity of the parcels along the horizontal direc-
tion could be determined as well as their speed.

S. EXPERIENTAL RESULTTS

This section presents three examples of internal wave trains which
were observed with one or both microwave radiometers simultaneously with
the FM-CV radar. The one-to-one correspondence (to within + I minute)
between fluctuations of the passive (radiometer) and active (FM-LC radar)
sensors shows that. in these cases, both sensors are detecting the same
"•aves, even :hough detection is by different mechanisms. Although only
a small number of the total waves observed is shown here, the other cases
show agreement with the FM-LU radar similar to that detailed by the
cases presented belcýv. Additional examples with analysis will be in

/I the final report. Finally. Section 5.4 provides an extensive discussion
of height localization of internal waves, including the principles
involved and several examples illustrating different types of behavior.

ji 5.1 Waves on 15 May 1975

On 15 May, when the 3' beam was pointed upwards at 60%, there
were correlations of the temperature variations between the radao-
meter and the waves recorded by the YM-CU r4dar (Fig. 4). The waves
recorded, by the FM-CU radar, as shown in Fig. 4. are not large. approxi-
mately 18 m in peak-to-peak amplitude ior the largest ones, which were
at an altitude of $75 meters. The intersection oi the two radiometer
beams, at a height from V1O to 1260 meters, included the altitude of
the waves recorded by the TM-CU radar. The times of the ý ave crests on
the F--tV record are marked on Fit. 4 arnd tabulated In Table 111. The
tifme oi0 the temperature peaks on the simultaneous 3' beam radiometer
trace are marked on Fig. 5 a (also) tabulated lin Table III for
coma&•rison

-4K
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TABLE ITI

Time of Undulations for Wave Activity on
15 Hay 1975, (1400-1440 PST), 3" Radlometer, 0 * 60"

FM-CW FILM RADIOMETER
Crest Trough Crest Trough

1401 1401
1407 1406.5

1415 1415
1418 1418

1420(S) 
1420

1421 1421
1422(S) 1422

1423 1423.5
1425 1426

1428 1428
41430 1430.5

1435 1434

(S) swall amplitude

The agreement between both the crests and the troughs is within one
minute for the six waves. This is within the accuracy of picking
crests and troughs without dtailed analysis. Further correspondence
is found in the time variations of the wave periods; the wave train
begins with lono period waves, then the periods become shorter and
finally become long again.

5.2 Waves on 17 May 1975

The waves observed on 17 May had longer periods (6-10 minutes)
than the waves n- 15 May. The FM-C'W film in fig. 6 shows the waves
outlined by insects (dot echoes), with only intermietent solid outlines.
"Insects have bsen used as tracers of atmospheric motion previously
(Richter, et at., 1973; Atlas, et at., 1970b), but their appearance
durint daylight hours (1200 PST) is unsual. In this case, the waves
were large, being approximately 90 m peak.to-peak at an altitude of 965
Meters. Unfortunately. in this case. tht V beam radiometer was imoper-
ative during 601 of the wav-c train, but there i-. good correlation
between the temperature vwriatics on the 22V beam radiometer and the

M-IN radar record. The tmes of the undula:Ions for both the FM-LU
radar (fig. 6) and the 22" beam radiometer (Vtg. 7) are mArked ad

tabulated it Table IV.

I
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TABLE IV

Time of Undulations for Wave Activity on
17 May 1975 (1200-1245 PST). 22' Vertical Radiometer

FM-CW FILM 22' RADTOMETER
Crest Troug Crest Trough

1208 1208
1213 1213

1216.5 1217
1219 1219

1223 1223
1228 1228

1233 1233
1236 1236

1239 1238
1242 1243

The agreement between both the wave crests and troughs is again within
one minute, even though the wave periods vary from 6 to 10 minutes. In
addition to the wave train described above, the radiometer record
suggests wave activity between 1300 and 1400 PST which is not shown on

- I the FM-CW record.

5.3 Waves on 23 June 1975

The strongest wave activity occurred during a 1.5-hour period
when the 3' beam was pointed upwards at 50' on an azimuth 74' to the
south of the verticallv viewing radiometer. The FM•-V radar record is
shown in Fig. 8 and f:h,. corresponding signal for both radiometers is
shown in Fig. 9. The FM-CtV record sh.ws a large upward change at
0332 PST. a small peak at 0339 PST. followed by a gradual increase until
0400 PST. From this time onward, a series of seven waves starts at
0400 PST and lastu until 0456 PST. The amplitude of the waves Is not
large, being approxtmateiy 30 -vters peak-to-peak at an altitude of 600
meters. The base of the inversion is at 660 meters as shown in an NELC
balloon sounding taken 2.5 heors later (Fig. 10). This difference in

Sheight is not considered significant eonaiderinx the 1.5-hour tirt-e

difference, and it can be assumed that the wave activity is occurring
near the base of the Inversion. in T4able V, the times of the wavea are
listed for both the FK-'C radar and the radiometer.

heigt 1.notconsonedsigificnt ons~rn h .- ort
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TABtLE V

Time of Undulations for Wave Activity on
23 June 1975 (0330-0500 PST)

3 Radiometer, 0 - 500
VM-_W FIIM RADIOMETERS

Crests Troughs Crests Troughs

0332 0332

0339 0339

0400 0401
0405 0406

0409 0409
0413 0412

0416 0417
0421 0421

0424 0425
0429 0430

0432 0434
0436 0438
4 0440 44444

0447 0449
60452 0453

(1456 0457

S"The agre.ent" is withirt a minute for most of the features occurring
duritng the 1.5 h-ar peritA. Ihe reason for the large change at 0332
PST o. xýth the •!,-CW radar taid radiometer signalg., some 28 minutes
before Ohe dtave train iccurs. is unknown. It m4ay or may not be Connect-
ed with the initiation oi the internal wavvo. Further analyst* may
help answer thts and other 4twctions.

•.4.1 Prneijden

The todel atd a~sbumptions. on which height leoaliatile
Is batae4, are aQ to4iow. It it asau,!ed that an ktter"41 u.ave in the
invertior loyo" eh'..tlgv the height of the emist air coltn ahbove the
verticaily looklLg (22" bw) radiometer, and hence the radtimeter output.
The height ehauge is the a:plitudo of the wave. Itt the following pro-
Celure, first a*&Lne that the natarov (V) heaa intorsteta the vertical
beam (Fig. 1) at the Inversion height. The char.ii in eumn hewght
(included withia thi A" beam) tiftia the 4"ropriame ge,•etrtval
factors. eauio.e the staigf -hange iae 9 beam. The r'al outut

of the two wad meer would be correlatdd with ;ero lag.

+'II
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Second, imagine the 3' beam elevated to intersect above
the inversion; the waves in the inversion will pass through the 3" beam
first, if coming from the west (from the direction of the 3" beam
radiometer). If the further assumption is made that the wave train is
"frozen" in its propagation direction for the radiometer separation
(which is small compared to the usual 1- to 10-km wavelengths of gravity
waves), then there will be correlation between the radiometer outputs,
but wi.h a time lead (r) of the 3" beam signal. This lead equals the

distance between the 3' and 22' beams at the inversion height divided by
the component of the wave propagation velocity along the direction of
the two radiometers. If the waves are not completely frozen in this
time interval, the magnitude of the cross correlation will be less.

Thus, in general, the magnitude of the cross correlation should be
greatest for beam intersections at the inversion height and should fall

V off for intersections above (or below)the inversion. In this experiment,
only visual correlation estimates could be made. An electronic corre-
lator will be used in the follow-on experiment.

Third, consider the 3' bean elevated to intersect the
vertical 22' beam below the inversion height. The situation will be
just the opposite to the previous case, and now there will be a time
"lag ( of the cross correlation function.

Three examples on three different days will be given
to show different types of behavior.

5.4.2 Results of 15 Ray 1975

Table VI summarizes the results of the three data runs1 on this overcast day.

F..
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TABLE VI

15 May 1975
Height Localization Runs

0

TIME 3V Beam Beom Inversion Visual FM-CW
PST Elev. Intersection Height Correla-

Angle Height m tion
Degree m of two

radio-
meter
sign~als.

1340- 600 1260 945 Cood Excellent
1440 840 to ('T > 3 Min) correlation

590 of waves at
875 m.

0950- 500 590 900 weak
1250

1503- 300 285 945 Weak
1735

Notes: Overcast. Cloud base at 700 to 760 m. Maximum height
recordable on acoustic sounder film was approximately
790 t.

The bottom two lines show only weak correlation with the beam inter-
sections considerably below the 945-m inversion height. There is good
correlation for periods as short as three minutes at 0 6 '' where the
beam intersection iticludes both the inversion height (945 m) and the
FPN-LW wave train height (875 0,) In addition, there is excellent corre-
lation of the 3. beam signal peaks anl the M-Lf.V wave crests as shown
in Figs. 4 and 5 and Table Ill.

oaovThe data runs therefore localize the wave activity at
or above the inveralon height. tata runs could not be made with inter-
section regions coepletely above the 94S-ta tuversioo. It is unlikely
however, that any wave activity In the much drier air above the Inversion
would have more than a minor effect on the radiometers. The rapid
decrease in the correlation below the inversion, then implies a similar
behavior for titersections above the inversion. tn thus seems reason-
able that the wave activity has been localized at the inversion hetiht.

13



5.4.3 Results of 29 June 1975

The summary in Table VII of the data on this clear day
shows that there was no correlation between the two radiometer signals
for beam intersections either considerably below (195 m) or above
(855 m) the 457-m inversion.

TABLE VII

29 June 1975
Height Localization Runs

a

TIME 3* Beam Beam Inversion Visual Correlation Acoustic
PST Elev. Inter- Height of two radiometer Sounder

Angle section M signals
De gree ieight

M

- 0400- 32' 310 457 Fair (T > 10 min.) No return
0823 (MY?) at 305 or

457 m.

0932 450 470 Very Weak Irregular
(T > 10 min.) return at

457 m.

1052 62* 855 None

1406 20" 195 Negligible

1600 427
(MYF)

Notes: Clear sky. Soundings from Montgomery Field (MYF) used
because no soundings at NELC on 29 June. FM-CIJt film
"not available at this time.

The two runs at 0821 PST and 0932 PS?, with intersections near 310 0)
and at the Inversion height, ghow small correlation, but for trends
over 10 minutes, At 0823 PST no echoes were obtained by the acoustic
sounder from the 305 m or 457 m levels; at 092 PS? the acoustic sounder
showed only an irregular return at 457 m but no waves. Since the two
runs were made under different conditions, the difference In the core-
lation magnitude between these tuo runs is not significant. This lack
of wave activity may have contributed to the small correlation; there
were not the usual I- to S-minute period waves which can be easily
correlated visually. The data runs do provide at least the appropriate
treads ef the localization process, i.e.. mall correlation for beo

14



intersections far below or above tile inversion, and larger correlations
for the two intersections nearer the inversion. A

5.4.4 Results of 8 May 1975

The data of the clear day of 8 May 1975 will help to
illustrate the additional aid in height localization provided by the
time delay (T) for a maximum magnitude of the cross-correlation function
(vs r) of the signals of the two radiometers.

Table VIII list- the conditions for one 8 May 1975 data
run with the V beam elevated at t" and pointed towards the 22" beam
to intersect at a height of 1170 m, or above the inversion height of
427m. Goed correlation of wave-like activity between tihe radiometers
occurred from 0802 PST to 0825 PST with T - +2.5 mninutes, i.e., the
events were .,.5 minutes earlier in the 3' beam signal.

'A!

TABLE VIII

8 May 1975
0800 PST Height Localization Run

S~0

TIME 3' feam Beam Inversion Visual correlation R-CW
PST Elev. Intersection Height of two radiometer

Angle Height m signals
Degree m

0802- 69' 1170 >1830 457 Good (T > 3 min.) Irregu-
j 0825 to T -+2.5 min. 1ar trace

0825- 760 None no waves.
0838 (See
0853- None tnt)•
0908 Height
0918- None of 52) a.
0938
0953- Some (T > 10 min.)
1011

11031 Sove (T 10 min.j

Notes: Sky changed from ovreaset (610 m) to eliar at 0800 PST.
Ut*- MYY 0400 PST sounding.

Altitttj Diroctioft Speed
Degree mCee1

30$ - 0
610 310 0.5

130 005 1.5t-s



For the second data run on 8 May 1975, the 3" beam was elevated 25* to
intersect the 22* beam at height of 240 m, or below the 427-in inversion.
The data and conditions are listed in Table IX. During the time, 1252 to
1318 PST, there was "'tedium" correlation of the 4.5-minute period vari-

ations of the two radiometer signals, with those of the 3' beam being
delayed 1.3 minutes, instead of being earlier as they were at 0 - 69".
Near this time, at 1400 PeT, there were five wave crests on the FM-LW
radar filtm at a height of 442 m which correclated with the 3" beam
radiometer signal peaks, the radiometer peaks being an average of 1.5
minutes later (Table IX). The FM-cW film, in this case, served to
verify the delay obtained from the cross correlation between the two
radiometer signals.

TABLE IX

8 Maty 1975
A. 1400 PST Height Localization Run

Clear sky
0

TIME 3" Beam Beam Inversion Visual correlation
PST Elev. Inter- Height of two radiometer

ngle section m Signals V-CW
Deg. Height

m

1140 427

1252- 25* Z40 Meaium (T > 3 min.)
1318 1 -1.3 min.

1400- 250 240 Good
1419 correlation

of WAV'A* at

4 42am.

B. Correlatim of FM-(.V Waves and 3" bw Radiometer
Uavesa 20 to 30 moter amplttude at 442 -m altitude

Time of time of Difference
WFH-(.W I'bw rajiometor Ki•watt
(~resta peaks
M PST

1400 1401 1.0
1403.5 1405 1.5
1408 1404 1.0

(, ba4a later).
Av~a d eone ~* 1. ma



C. kinds - MYF 1600 PST 8 May 1975 Sounding

Altitude Direction Speed
Deg. m sec-

305 250 3.5
610 210 1.0
915 175 2.0

1220 170 3.5

The use of the time shifts for height localization
requires that the wave activity propagate through the two beams at con-
stant altitude, speed, and direction. For example, if one postulates
that the same wave activity moving through the two beams produced the
2 .S-minute lead at 0 - 69" and a 1.3-minute lag at 0 - 25, an examina-
teen of Fig. 3 shows that waves at an altitude of 300 m, coming from
the west, could account for such tine shifts. However, since conditions
had changed in the six hour interval between the two data runs, an
accurate calculation cannot be made for this particular data run, but
the procedure is illustrated.

The data illustratesa case of noncorrespondence between
the radiometer and the RI--CW radar. At 0800 PST, the inversion base
was at 457 m, but the activity on the FM-CW radar film was at 523 m.
Although correlation was established at 1400 PST between the FM-CW waves
and the radiometer signal, no such correlation could be found at 0800
PSIT. In fact, the 0802-0825 PS'I period on the FH-CM film was broken up
as follows:

0802-0813 PST: an irregular trace - no recogni~able wave train.
0813-0820 PST: the trace disappea's.
0820-0822 PST: trace reappears.
0822-o08o PST: trace disappears.

Th•ese two dtiferenees, coupled with the fact that the inversion base
attitude remained nearly constant during the six hour$ (457 M to 427 n),
make it unce!rtaia (and even unlikely) that the FW-CM film trace a 523 n
is what the radiometer is observ!ng at 0800 PST. Further evidonee lies

~-1in the witM (see Table V11I) of only 0.5 a *ec a4t 6'0 m and teto at
"S0$ m: the shear Is far below the 0.01 sec- value set by Atlas (19,0)
to produce turbulence. This lack of ttrbulence is probably why the
activity at the 457-r inversion height is not soee on the r!-4X film.
Therefore, it to reasonable to assume that wave activtty at the 457-M
intversio# height Is w"at propagated through the two r4dIore•r beaas
at 0800 =S d Produced the ro-erlti#of the two bt=s.

it

17 S



6. CONCLUSIONS

Tvo series of radiocmetric measurements at the 22.2 Gilzewater vapor
line were made during May and June 1975. Results of preliminary analysis
show both detection of internal waves in the lower atmosphere and their
localization in height. Correspondence between wave activity as observed
by the FM-CW radar and the microwave radiometers exists within + 1 minute
for several cases considered. The 0.1' to 0.7" K magnitude Jf brightness
temperature changev. observed by the radiometer comparps to that predicted
by an internal wave model of 0.1 to 0.4' K. Further an&Iysis of the data
and a follow-on experiment are now in progress to determine the mechanism
responsible for the detection of internal waves with microwave radio-
meters and to evaluate the possibility of using ground-based microwave
radiometers as remote sensors of refractive index variations.
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